The mononuclear cations of the general formula [(g 6 -arene)RuCl(dpqMe 2 )] + (dpqMe 2 = 6,7-dimethyl-2,3-di(pyridine-2-yl)quinoxaline; arene = C 6 H 6 , 1; C 6 H 5 Me, 2; p-Pr i
Introduction
Polypyridyl complexes of ruthenium have received considerable attention owing to their photochemical properties [1] , catalytic activities [2], electrochemical behaviour [3] and in the design of new materials [4] . Recently, we have shown that mono and dinuclear arene ruthenium complexes containing 2,2 0 -bipyrimidine as terminal or bridging chelate ligand catalyse the transfer hydrogenation of acetophenone with formic acid in aqueous solution to give phenylethanol and carbon dioxide [5] . Interestingly, an increase of the catalytic activity by three to five times in going from the mononuclear to the dinuclear complexes was observed. The higher catalytic activity of the dinuclear arene ruthenium complexes was accounted for by a synergistic electronic effect in the intact dinuclear moieties. The molecular structures of various dinuclear arene ruthenium and osmium complexes containing 2,2 0 -bipyrimidine as bridging chelate ligand have shown that the two chloro ligands can be found in both cis and trans orientations [6] . Therefore, in order to determine if the increase in the catalytic activity is correlated to the cis-trans conformations, we prepared a series of exclusively trans oriented dinuclear arene ruthenium complexes with the sterically hindered chelate ligand, 6,7-dimethyl-2,3-di(pyridine-2-yl)quinoxaline (dpqMe 2 ). The catalytic activity of the dinuclear complexes and of their corresponding mononuclear congeners for the transfer hydrogenation of aromatic ketones to give the corresponding secondary alcohol with sodium formate as the hydrogen donor in aqueous solution is reported. We also present the single-crystal X-ray structure analysis of some representatives. 
Results and discussion

Synthesis of the mononuclear complexes 1-4 as hexafluorophosphate salts
The arene ruthenium complexes [(g 6 -arene)Ru(l-Cl)Cl] 2 (arene = C 6 H 6 , C 6 H 5 Me, p-Pr i C 6 H 4 Me, C 6 Me 6 ) react with 2 equiv. of 6,7-dimethyl-2,3-di(pyridine-2-yl)quinoxaline (dpqMe 2 ) in methanol at 50°C in the presence of KPF 6 to form the cationic arene ruthenium complexes [(g 6 + (4), which are isolated as their hexafluorophosphate salts (Scheme 1). The hexafluorophosphate salts of complexes 1-4 are red-purple, nonhygroscopic, air-stable, crystalline solids. They are sparingly soluble in methanol and chloroform, but well soluble in dichloromethane, acetone and acetonitrile. All compounds have been characterised on the basis of elemental analysis, 1 H NMR, IR, UV-Vis and mass spectroscopy. In the mass spectra they give rise to the corresponding [M] + molecular peaks m/z at 527, 541, 583 and 611, respectively. The 1 H NMR spectra of 1-4 exhibit, other than the signals corresponding to the aromatic ligand, a characteristic set of 12 independent signals for the diastereotopic protons of the dpqMe 2 ligand. The ruthenium atom is stereogenic due to the coordination of four different ligator atoms. Upon coordination to the ruthenium atom, the aromatic protons of the dpqMe 2 ligand are shifted downfield, especially the H a of the coordinated pyridyl group which is observed at d $ 9.4 ppm, while the H a 0 of the non-coordinated pyridyl group is observed at only 8.65 ppm. Accordingly, the aromatic protons of the quinoxaline moiety are observed at d $ 8.6 (H q ) and 8.1 ðH q 0 Þ, respectively. The 1 H NMR spectrum of 3 exhibits two doublets for the diastereotopic methyl protons of the isopropyl group. Likewise, the diastereotopic CH protons of the p-cymene ligand give rise to four doublets observed between d = 5.7-6.1 ppm. A septet at d = 2.51 ppm is observed for the CH proton of the isopropyl group. Similarly, the aromatic protons of the toluene ligand in 2 give rise to five multiplets observed between d = 5.7-6.2 ppm and a singlet at d = 2.36 ppm for the methyl group.
The UV-Vis data of complexes 1-4 have been recorded in acetonitrile. The electronic spectra display a medium intensity band in the visible region at $385 nm and an intense band at $280 nm. The low intensity band at $385 nm is assigned to the metal-to-ligand charge transfer transition (MLCT), while the high-energy band at $280 nm is assigned to intra-ligand p-p * transitions [7] .
Synthesis of the dinuclear complexes 5-8 as hexafluorophosphate salts
The reaction of the dimeric chloro complexes [(g 6 -arene)Ru(l-Cl)Cl] 2 (arene = C 6 H 6 , C 6 H 5 Me, p-Pr i C 6 H 4 Me, C 6 Me 6 ) with 1 equiv. of 6,7-dimethyl-2,3-di(pyridine-2-yl)quinoxaline (dpqMe 2 ) in refluxing methanol in the presence of KPF 6 results in the formation of the red-purple coloured, air-stable dinuclear complex dications [{(g 6 fragment to the mononuclear cations 1-4 at m/z = 527, 541, 583 and 611, respectively. The UV-Vis data of complexes 5-8 in acetonitrile show that the position of the MLCT transitions of the dinuclear complexes 5-8 is significantly red shifted ($490 nm) as compared to their mononuclear congeners. The 1 H NMR spectra of 5-8 exhibit, other than the signals corresponding to the aromatic ligand, a characteristic set of six signals for the protons of the dpqMe 2 ligand. Despite the fact that the two ruthenium atoms are stereogenic and therefore should generate a mixture of rac and meso diastereoisomers, only the rac isomer is observed. The sterically hindered dpqMe 2 ligand forces the chloro ligands to adopt exclusively a trans orientation, thus giving rise to only the (R,R) and (S,S) enantiomers and consequently six signals for the dpqMe 2 bridging ligand. As observed in 1-4, the aromatic protons of the dpqMe 2 ligand are shifted downfield, especially the H a of the pyridyl groups which are observed at d $ 9.4 ppm, while the aromatic protons of the quinoxaline moiety are observed at d $ 8.7 ppm. In the mononuclear complexes 1 and 3, the metal centre is stereogenic. However, since none of the ligand contains a chiral information, 1 and 3 are obtained as racemic mixtures and crystallised in the centrosymmetric space group C2/c and P2 1 /n, respectively.
The Ru-N bond distances ranging from 2.057 (3) and reported values [9] [10] [11] . The N(1)-Ru(1)-N(2) bond angle in complexes 1 [76.04 (15) In the crystal packing of [1] [PF 6 ] AE 2CH 3 CN, two molecules of 1 form a dimer through p-stacking interactions, see Fig. 3 . The centroid-centroid separations are 3.73 and 4.32 Å . The distance observed between the p-p interacting systems is in accordance with the theoretical value calculated for this stacking mode [10] .
Cation 6 crystallises in the space group P-1 with both enantiomers R,R-6 and S,S-6 being present in the crystal. As mentioned earlier, the sterically hindered dpqMe 2 ligand forces the chloro atoms to adopt a trans orientation, thus generating only the rac isomers. An ORTEP drawing with the atom labelling scheme for 6 is shown in Fig. 4 and the selected geometrical parameters are presented in Table  1 . As expected, cation 6 contains two metal centres bonded to g 6 -C 6 H 5 Me and chloro ligands and bridged by a dpqMe 2 ligand through its nitrogen atoms. The distance between the ruthenium atoms is 6.96 Å , which is in accordance with the metal-metal distances observed in the homo-bimetallic complex [(g 6 -p-Pr i C 6 H 4 Me) 2 Ru 2 Cl 2 -(l-2,3-di(pyridine-2-yl)pyrazine)][PF 6 ] 2 (Ru-Ru distance = 6.84 Å ) [9b] and in the hetero-bimetallic dpqMe 2 complex [(bipy) 2 Ru(l-dpqMe 2 )Cu(PPh 3 ) 2 ][BF 4 ] 3 (bipy = 2,2 0 -bipyridine) (Ru-Cu distance = 6.82 Å ) [11] .
Upon formation of mono or dinuclear complexes, the bond lengths between the connecting carbon atoms between the pyridyl and the quinoxaline moieties of the dpqMe 2 ligand are slightly reduced. Indeed, as compared to the free 6,7-dimethyl-2,3-di(pyridine-2-yl)quinoxaline in which the C-C distances (C5-C6 and C7-C8) are both at 1.493 Å [12] , the corresponding C-C distances in the mononuclear complexes 1 and 3 are 1.472(6) and 1.466(4) Å , respectively, while in the dinuclear complex 6 the distances are 1.473(10) and 1.482(9) Å . These bond length changes are in agreement with a back-donation from the metallic fragments to the dpqMe 2 system, thus increasing the inter-ring bond order [6, 13] .
The major distortion imposed on the dpqMe 2 structure upon coordination is encountered by the pyridyl groups, see Fig. 5 . In the free ligand the two pyridyl groups are twisted by 39.6°relative to the plane of the quinoxaline moiety. However, in 1 and 3 the twist of the coordinated pyridyl unit is 26.0(2) and 28.1(1)°, respectively, while the non-coordinated pyridyl unit remains at 41.7(1) and 41.1(1)°, respectively. Finally, the twist imposed on the pyridyl rings is raised to a maximum at 28.8(3) and 29.4(3)°in 6. , the catalytic potential of the 6,7-dimethyl-2,3-di(pyridine-2-yl)quinoxaline complexes 1-8 was evaluated for the transfer hydrogenation of acetophenone in water using formic acid as hydrogen source (Table 2) .
All complexes were found to poorly catalyse the transfer hydrogenation of acetophenone to give phenylethanol in aqueous solution at pH 4, which corresponds to the pK a of the formic acid (3.77). In the best cases (complexes 6 and 7, entries 6 and 7) the conversion of acetophenone does not exceed 6% within 16 h. This means that, in comparison to the corresponding 2,2 0 -bipyrimidine complexes [5] , the introduction of a sterically hindered ligand system which forces the dinuclear complexes to adopt a trans configuration causes a pronounced drop in the catalytic activity.
Experimental
General
6,7-Dimethyl-2,3-di(pyridine-2-yl)quinoxaline (dpqMe 2 ) and KPF 6 were purchased from Aldrich and used as received. [Ru (g 6 -arene)(l-Cl)Cl] 2 (arene = C 6 H 6 , C 6 H 5 Me, p-Pr i C 6 H 4 Me, C 6 Me 6 ) were prepared according to published methods [17] . The NMR spectra were recorded on a Varian Gemini 200 MHz spectrometer using the residual protonated solvent as internal standard. Infrared spectra were recorded as KBr pellets on a Perkin-Elmer FTIR 1720-X spectrometer. UV-Vis absorption spectra were recorded on an Uvikon 930 spectrophotometer. Microanalyses were performed by the Laboratory of Pharmaceutical Chemistry, University of Geneva (Switzerland). Electrospray mass spectra were obtained in positive-ion mode with an LCQ Finnigan mass spectrometer. 6 -C 6 H 6 )Ru(l-Cl)Cl] 2 (100 mg, 0.20 mmol) is dissolved in methanol (50 mL). The resulting solution is added dropwise to a two-necked flask equipped with a reflux condenser and containing a methanol solution (50 mL) of dpqMe 2 (125 mg, 0.40 mmol) and KPF 6 (73.6 mg, 0.40 mmol). The mixture is heated to 50°C and stirred for 24 h. After cooling to room temperature, the volume is reduced and the product is precipitated by addition of diethylether. The yellow-orange solid is filtered, washed with n-pentane and dried under vacuum to give [(g 6 In a typical experiment, [(g 6 -C 6 H 6 )Ru(l-Cl)Cl] 2 (150 mg, 0.30 mmol), dpqMe 2 (93.6 mg, 0.30 mmol) and KPF 6 (110.0 mg, 0.60 mmol) are dissolved in methanol (30 mL). The resulting solution is heated to 60°C and stirred for 4 h. After cooling to room temperature, the volume is reduced and the product is precipitated by addition of diethylether. The red solid is filtered, washed with n-pentane and dried under vacuum to give [{(g 6 C, 37.26; H, 2.74; N, 5.43. Found: C, 36.98; H, 3.23; N, 5.51%. 3.3.2. [{(g 6 
Preparation of the mononuclear complexes
The compound is prepared by the same procedure as described above for [5] The compound is prepared by the same procedure as described above for [5] The compound is prepared by the same procedure as described above for [5] 6 ] 2 AE 2CH 3 CN were mounted on a Stoe Image Plate Diffraction system equipped with a / circle goniometer, using Mo Ka graphite monochromated radiation (k = 0.71073 Å ) with / range 0-200°. The structures were solved by direct methods using the program SHELXS-97 [18] . Refinement and all further calculations were carried out using SHELXL-97 [18] . The H-atoms were included in calculated positions and treated as riding atoms using the SHELXL default parameters. The non-H atoms were refined anisotropically, using weighted fullmatrix least-squares on F 2 . Crystallographic details are summarised in Table 3 . Figs. 1, 2 and 4 were drawn with ORTEP [19] and Figs. 3 and 5 with the software MERCURY [20] . 
Transfer hydrogenation catalysis
The transfer hydrogenation reactions of acetophenone (0.64 mmol) using 1-8 as their hexafluorophosphate salts (6.4 lmol) with formate (3.2 mmol) are carried out in water (5 mL) using a buffer of HCOOH/HCOONa at pH 4 under inert atmosphere. The reaction is quenched by cooling the mixture to 0°C. The products are extracted by Et 2 O and identified (and turnover determined) by gas chromatography. The pH is monitored using a pH meter (Mettler Toledo InLab Ò 413).
